Using the helicity method we derive complete formulas for the joint angular decay distributions occurring in semileptonic hyperon decays including lepton mass and polarization effects. Compared to the traditional covariant calculation the helicity method allows one to organize the calculation of the angular decay distributions in a very compact and efficient way. In the helicity method the angular analysis is of cascade type, i.e. each decay in the decay chain is analyzed in the respective rest system of that particle. Such an approach is ideally suited as input for a Monte Carlo event generation program. As a specific example we take the decay Ξ 0 → Σ + + l − +ν l (l − = e − , µ − ) followed by the nonleptonic decay Σ + → p + π 0 for which we show a few examples of decay distributions which are generated from a Monte Carlo program based on the formulas presented in this paper. All the results of this paper are also applicable to the semileptonic and nonleptonic decays of ground state charm and bottom baryons, and to the decays of the top quark.
Introduction
Semileptonic hyperon decays have traditionally been analyzed in the rest frame of the decaying parent hyperon using fully covariant methods based on either four-component Dirac spinor methods [1, 2, 3, 4] or on two-component Pauli spinor methods [5, 6, 7] . The latter method is particularly well suited for an implementation of a zero [5] or a near zero recoil [6, 7] approximation. In the present paper we employ helicity methods to analyze semileptonic hyperon decays. In the muonic mode it is quite important to incorporate lepton mass effects in the analysis since e.g. in the decay Ξ off−shell rest frames, respectively. In this way one obtains exact decay formulas with no approximations which are quite compact since they can be written in a quasi-factorized form.
Cascade-type analysis' have been quite popular some time ago in the strong interaction sector when analyzing the decay chains of the strong interaction baryonic and mesonic resonances (see e.g. [8] [9] [10] [11] ). In the weak interaction sector cascade-type analysis' were applied before to nonleptonic decays [12] [13] [14] [15] [16] [17] [18] [19] , to semileptonic decays of heavy mesons and baryons [13, 15, 16, [20] [21] [22] [23] [24] [25] [26] [27] , and to rare decays of heavy mesons [27, 28] and heavy baryons [29] . A new feature appears in semileptonic decays compared to nonleptonic decays when one includes lepton mass effects. In this case one has new interference contributions coming from the time-components of the vector and axial vector currents interfering with the usual three-vector components of the currents (see e.g. [15, 21] ).
The results for the angular decay distributions in the semileptonic decays of heavy baryons given e.g. in [15, 25] can in fact be directly transscribed to the hyperon sector 1 .
However, the presentation in [15, 25] is rather concise and and concentrates on results for angular decay distributions and their analysis rather than presenting the details of their derivations. In order to make the results more reproducible we decided to include the details of the derivations in this paper. This will enable the interested reader to e.g. convert the results of [15] , which were derived for the (l + , ν) case, to the (l − ,ν l ) case discussed in this paper, or, to derive angular decay formula involving the decay Σ + → p + γ instead of the decay Σ + → p + π 0 treated in this paper. At the same time we decided to recalculate all relevant decay formulas in order to provide another independent check of their correctness. In this way we discovered one error in [15] and two errors in [25] , apart from obvious typos in these papers.
In the simulation of semileptonic hyperon decays including the µ-mode it is important
to have a reliable and tested MC program. Since hyperons are produced with nonzero polarization the MC program should also include polarization effects of the decaying parent hyperon. One of the motivations of starting this project was the fact that such a general purpose MC event generator has not been available up to now. Such an event generator should prove to be quite useful in the analysis of the huge amount of data on semileptonic hyperon decays that has been collected by the KTeV and the NA48 collaborations. We wrote and tested such a MC event generator based on the formulas written down in this
paper. The present paper can be viewed as a documentation of the theoretical spinkinematical input that goes into the MC program and, for the sake of reproducability, the paper also describes how to derive the angular decay distributions entering the MC. Although we frequently refer to the specific semileptonic cascade decay Ξ 0 → Σ + (→ p + π 0 ) + W − off−shell (→ l − +ν l ) the spin-kinematical analysis presented in this paper is quite general and can be equally well applied to the semileptonic decays of heavy charm and bottom baryons, and for that matter, also to the semileptonic decay of the top quark. In order to facilitate such further applications we have always included the necessary sign changes when going from the (l − ,ν l ) case to the (l + , ν l ) case as occurs e.g. in the semileptonic hyperon decay Σ + → Λ + e + + ν e , in semileptonic c → s charm baryon decays or in semileptonic top quark decays [31, 32, 33, 34] . When sign changes are indicated the upper sign will always refer to the (l − ,ν l ) case, which is the main concern of this paper, whereas the lower sign will refer to the (l + , ν l ) case. We also mention that we have always assumed that the amplitudes are relatively real and have therefore dropped azimuthal correlation contributions coming from the imaginary parts. Put in a different language this means that we have not considered T -odd contributions in our angular analysis which could result from final state interaction effects or from truly CP -violating effects. By keeping the imaginary parts in the azimuthal correlation terms one can easily write down the relevant T -odd contributions if needed by using the formulas of this paper. This is discussed for a specific example in Appendix C.
The paper is structured as follows. In Sec.2 we introduce the helicity amplitudes and relate them to a standard set of invariant form factors. In order to estimate the size of the helicity amplitudes for the Ξ 0 → Σ + current-induced trasition we provide some simple estimates for the invariant form factors and their q 2 -dependence which we shall refer to as the minimal form factor model. In Sec.3 we derive the unpolarized decay rate written in terms of bilinear forms of the helicity amplitudes. Sec.4 is devoted to the discussion of the rate ratio Γ(e)/Γ(µ) in semileptonic hyperon decays. In Sec.5 we discuss single spin polarization effects including spin-momentum correlation effects between the polarization of the parent baryon and the momenta of the decay products. Sec.6 treats momentummomentum correlations between the momenta of the decay products in the cascade decay
In Sec.7 we present a few sample distributions generated from the MC program written by us. Sec.8 contains our summary and our conclusions. We have collected some technical material in the appendices. In Appendix A we recount how the two-body decay of a polarized particle is treated in the helicity formalism. This two-body decay enters as a basic building block in our quasi-factorized master formulae in the main text which describe the various cascade-type angular decay distributions presented in this paper. In Appendix B we list explicit forms of the Wigner's d J -function for J = 1/2 and J = 1 which are needed in the present application. In Appendix C we go through a specific example and identify a specific T -odd term in the joint angular decay distribution written down in Sec.6. The example is easily generalized to other cases. In
Appendix D we finally list the full five-fold angular decay distribution for the cascade de-
The full five-fold angular decay distribution reduces to the decay distributions listed in the main text after integration or after setting the relevant parameters to zero.
The helicity amplitudes
The momenta and masses in the semileptonic hyperon decays are denoted by
. For the hadronic transitions described by the helicity amplitudes it is not necessary to distinguish between the cases (l − ,ν l ) and (l + , ν l ). The matrix elements of the vector and axial vector currents J V,A µ between the spin 1/2 states are written as
where q = p 1 − p 2 is the four-momentum transfer. As in [4] we take σ µν = 1 2
and γ 5 = − 0 1 1 0 . The other γ matrices are defined as in Bjorken-Drell.
Next we express the vector and axial vector helicity amplitudes H
in terms of the invariant form factors, where the λ W = t, ±1, 0 are the helicity components of the W off−shell . Since lepton mass effects are taken into account in this paper we need to retain the time-component ′′ t ′′ of the four-currents
Concerning the transformation properties of the four components of the currents one notes that, in the rest frame of the W off−shell ( q = 0), the three space-components λ W = ±1, 0 transform as J = 1 whereas the time-component transforms as J = 0. In this paper we employ a short-hand notation such that we always write λ W = t, ±1, 0 for λ W = 0(J = 0), ±1(J = 1), 0(J = 1). Whenever we write λ W = t this has to be understood as λ W = 0(J = 0).
One then needs to calculate the expressions
We do not explicitly annote the helicity of the parent hyperon λ 1 in the helicity amplitudes since λ 1 is fixed by the relation λ 1 = λ 2 − λ W . It is very important to detail the phase conventions when evaluating the expression (3). This is because the angular decay distributions to be discussed later on contain interference contributions between different helicity amplitudes which depend on the relative signs of the helicity amplitudes. We shall work in the rest frame of the parent baryon B 1 with the daughter baryon B 2 moving in the positive z-direction. The baryon spinors are then given by [35] u 2 (± H V this paper we shall, however, not discuss zero recoil or near zero recoil approximations but we always retain the full structure of the physical observables without any approximations. In order to get a feeling about the size of the helicity amplitudes we make a simple minimal ansatz for the invariant amplitudes at zero momentum transfer using SU(3) symmetry. The analysis is greatly simplified by the fact that the C.G. coefficients for the (n → p)-transition are the same as those for the (Ξ 0 → Σ + )-transition. One thus has [4] . The second class current contributions are set to zero, i.e. we take F 
[36]). For the q 2 -dependence of the invariant form factors we take a Veneziano-type ansatz which has given a good description of the q 2 -dependence of the electromagnetic form factors of the neutron and proton [41] . We write
we use m V = m K * (892) = 0.892GeV which is the lowest lying strange vector meson with Based on these estimates for the invariant form factors we show in Fig.1 We caution the reader that our ansatz for the form factors is only meant to implement the gross features of the dynamics of the semileptonic hyperon decays Ξ 0 → Σ + + l − +ν l which will eventually be superseded by the results of a careful analysis of the decay data.
We shall nevertheless use the above minimal model for the Ξ 0 → Σ + form factors to calculate the rate ratio Γ(e)/Γ(µ) (Sec. 4), the longitudinal and transverse polarization of the lepton (Sec. 5) and a mean azimuthal correlation parameter (Sec. 6) for this decay.
The angular decay distributions in the subsequent sections will be written in terms of the sum of the vector and axial vector helicity amplitudes
From an inspection of Fig. 1 
Unpolarized decay rate
The differential decay rate is given by (see e.g. [21] )
where L µν is the usual lepton tensor (ε 0123 = +1)
The hadron tensor H µν is given by the tensor product of the vector and axial vector matrix elements defined in Eqs. (1) and (2), cf.
Eq. (13) The differential q 2 -distribution can be obtained from (13) by E l -integration, where the limits are given by (see e.g. [21] )
q 0 is the energy of the off-shell W -boson in the rest system of the parent baryon B 1 given
and p is the the magnitude of three-momentum of the daughter baryon B 2 (or the off-shell W -boson) in the same system given by
Finally, in order to get the total rate one has to integrate over q 2 in the limits m
On reversing the order of integrations, the differential lepton energy distribution can be obtained from (13) by q 2 -integration. The relevant integration limits can be obtained from the inverse of (16) . One obtains (see e.g. [21] )
where
Finally, in order to get the total rate, one has to integrate over the lepton energy in the limits
As it turns out the two-dimensional integration becomes much simpler if one considers the two-fold differential rate w.r.t. the variables q 2 and cos θ instead, where θ is the polar angle of the lepton in the (l, ν l ) c.m. system relative to the momentum direction of the W off−shell . E l and cos θ are related by (see e.g. [21] )
Differentiating Eq.(21) one has
which leads to the differential decay distribution
It is clear from comparing Eqs. (13) and (23) that, when writing a Monte Carlo program, one should not generate events in the (q 2 , cos θ) Dalitz plot according to the weight L µν H µν .
The cos θ dependence of L µν H µν can be easily worked out by following the methods described in [21] which is based on the completeness relation for the polarization fourvectors
The tensor g mm ′ = diag(+, −, −, −) is the spherical representation of the metric tensor where the components are ordered in the sequence m, m ′ = t, ±1, 0. One can then rewrite the contraction of the lepton and hadron tensors L µν H µν as
We shall refer to the second line of (25) as the semi-covariant representation of the angular decay distribution. One has to remember that Eq. (25) refers to the differential rate of the decay of an unpolarized parent hyperon into a daughter baryon whose spin is not observed. This means that one has to take into account the additional conditions λ 1 = λ The point of writing L µν H µν in the factorized form of Eq. (25) is that each of the two factors in the second line of Eq. (25) is Lorentz invariant and can thus be evaluated in different Lorentz frames. The leptonic part will be evaluated in the (l, ν l ) CM frame (or W off−shell -rest frame) bringing in the decay angle θ, whereas the hadronic part will be evaluated in the Ξ − rest frame bringing in the helicity amplitudes defined in Sec.2.
Turning to the (l, ν l ) CM system the lepton momenta in the (x, y, z)-system read (see Fig.3 )
The angle θ is always measured w.r.t. the direction of the lepton l, regardless of whether we are dealing with the (l − ,ν l ) or the (l + , ν l ) case. Since the orientation in the (x, y)-plane need not be specified in the present problem we have chosen the lepton momenta to lie in the (x, z)-plane. E l and p l are the energy and the magnitude of the three-momentum of the charged lepton in the (l, ν l ) CM system, resp., given by
The longitudinal and time-component polarization four-vectors take the formǭ µ (0) = (0; 0, 0, −1) andǭ µ (t) = (1; 0, 0, 0) whereas the transverse parts are unchanged from (5) . Using the explicit form of the lepton tensor Eq. (14) it is then not difficult to evaluate (25) in terms of the helicity amplitudes H λ 2 λ W of Sec.2. One obtains 
Except for the phase factor (−1) J+J ′ the master formula can in fact be derived by repeated application of the basic two-body decay formula in Appendix A. The Kronecker δ-function (28) expresses the fact that we are dealing with the decay of an unpolarized parent hyperon. One has to remember that λ W = 0 and λ W = t both refer to the helicity projection 0 (see Sec. 2). Therefore there are nondiagonal interference contributions between J = 1, λ W = 0 and J = 0, λ W = t because they are allowed by the angular
The interference contributions carry an extra minus sign as can be seen from the phase factor (−1) J+J ′ in (28) . The phase factor (−1) J+J ′ comes in because of the pseudo-Euclidean nature of the spherical metric tensor g mm ′ defined after (24) . The sign change in the first line of Eq. (27) going from the (l − ,ν l ) to the (l + , ν l ) case can now be seen to result from the products of the relevant elements of the Wigner's d 1 -
(1 ∓ cos θ)) 2 . There are no corresponding sign changes in the other lines of Eq. (27) .
The h λ l λν are the helicity amplitudes of the final lepton pair in the (l, ν) c.m. system. For example, for the (l − ,ν) case with p l − along the positive z-axis, they can be worked out by using Eq.(4), the negative energy spinor of the massless antineutrino with helicity λν = 1 2
given by vν(
and the SM form of the lepton current (λ W = λ l − − λν)
We shall refer to the upper case
as the nonflip transition and to the lower case
as the flip transition. Note the unconventional form of the SM lepton current which is due to the γ 5 definition in Sec.2. The polarization four-vectors are given by ǫ µ (t) = (1; 0, 0, 0), ǫ µ (0) = (0; 0, 0, 1) and
The flip contribution is identical for λ W = t and λ W = 0. A similar expression can be written down for the case (l + , ν l ) which we shall not work out in explicit form. For the moduli squared of the helicity amplitudes one finally obtains
flip (λ W = t, 0) :
In Eq.(28) the sum over J, J ′ runs over 0 and 1 and the index λ W , λ ′ W runs over the four components t, ±1, 0. As remarked on before one has to remember to include the interference contribution from (J = 0; λ W = t) and (J = 1; λ W = 0) giving an extra minus sign. The matrix d
The form Eq.(28) affords a ready physics interpretation.
determines the density matrix of the W off−shell (which happens to be block-diagonal in the present application). The density matrix is then "rotated" into the direction of the lepton in the (l, ν l ) c.m. system with the help of the d 1 -functions whence the squared helicity amplitudes |h λ l λν | 2 determine the helicity dependent rates into the lepton pair.
Performing the sum in (28) 
one recalculates Eq. (27) . Note that the flip contribution proportional to m 2 l /2q 2 and nonflip contributions are clearly separated in Eq. (27) . This separation facilitates the determination of the longitudinal polarization of the lepton to be discussed in Sec. 5. The differential rate dΓ/dq 2 is obtained from Eqs. (23) and (27) by cos θ-integration which, in a sense, is trivial. One obtains
We conclude this section with a comment on the relative merits of the two equivalent decay formulas (25) and (28 
The rate ratio Γ(e)/Γ(µ)
We begin our discussion of the rate ratio Γ(e)/Γ(µ) in a very simplified setting which, however, gets very close to the correct result. Namely, we use SM-type couplings and set 
is the scaled magnitude of the daughter baryon's three momentum in the rest frame of the parent baryon. Also, for compactness we introduce the Born term rate
which represents the Standard Model decay of a massive parent fermion into three massles fermions, i.e. M 1 = 0 and M 2 , m l , m ν = 0.
Using Eq.(33) and the SM-type couplings described above one obtains
which agrees with the SM result given e.g. in [37] . Integrating overq
where (36) again agrees with the result given in e.g. [37] . The symmetrization ρ ↔ η in (36) must be done for both the logarithmic and nonlogarithmic terms. The symmetry of the rate expression (36) under the exchange (ρ ↔ η) reflects the simple Fierz property of the SM (V − A) coupling. We mention that a less symmetric form of (36) has been written down in [42] .
It is tempting to try and estimate lepton mass effects in semileptonic hyperon decays by using the SM-type rate expression Eq.(36) in order to obtain a first estimate of the rate ratio Γ(e)/Γ(µ). For the two cases Λ → p + l − +ν l and
We have added the corresponding experimental ratios and their errors in brackets. For the Λ → p case the SM-type rate ratio is within the error bar of the experimental value whereas for the Ξ 0 → Σ + case the SM-type rate ratio is off by more than two standard deviations 2 .
Even though the SM rate expression Eq.(36) incorporates the correct treatment of three-particle phase space one might doubt its validity for a realistic estimate of lepton mass effects in semileptonic hyperon decays since the form factors F . Under these assumptions one obtains [46] 2 The NA48 Collaboration cites a preliminary value of 114.1 ± 19.4 [45] for the rate ratio (38) .
where δ = (1 − ρ)/(1 + ρ). The function r(x) is given by
where x = η/(1−ρ). Eq. (39) shows that the rate ratio of the e-and µ-modes is independent of the actual values of F for Λ → p + l − +ν l and Γ(e)/Γ(µ) = 118.7 for Ξ 0 → Σ + + l − +ν l which is rather close to the SM-type values in (37) . Finally, using the minimal model for the form factors written down in Sec.2, one finds Γ(e)/Γ(µ) = 118.07 for Ξ 0 → Σ + + l − +ν l which again is quite close to the SM value. All in all one finds that the rate ratio Γ(e)/Γ(µ) is not very sensitive to the details of the underlying dynamics. It will be interesting to find out how much the theoretical values of the rate ratios are affected by radiative corrections.
5 Single spin polarization effects
Polarization of the daughter baryon
The lepton-hadron contraction L µν H µν given in Eqs. (27) and (28) can be separated into contributions of positive and negative helicities of the daughter baryon denoted by L µν H µν ±± . They are given by This allows one to compute the component P z of the polarization vector along the direction of p 2 in the rest system of B 1 . One obtains
In a similar vein the polarization of the daughter baryon in the x-direction can be obtained from Eq.(28) by leaving the helicity label λ 2 unsummed. The product of helicity
because, again, the parent baryon is taken to be unpolarized. As before, λ W = t and λ W = 0 have zero helicity but transform as J = 1 and J = 0, respectively. One obtains
Of course, if one does not define a transverse reference direction the specification of P x does not make physical sense per se. Such a transverse reference direction is e.g. provided by the transverse momemtum of the lepton in the semileptonic decay. In fact, we shall see in Sec.6 how the density matrix of the daughter baryon enters the joint angular decay distribution of the cascade decay Ξ 0 → Σ + (→ p + π + ) + l − +ν l where the transverse reference direction is defined by the decay Σ + → p + π + . The polarization component P y is zero because we assume that the invariant amplitudes and thereby the helicity amplitudes are relatively real.
Polarization of the lepton
The lepton-side flip-and nonflip-contributions to L µν H µν are clearly identifiable as can be seen by an inspection of Eqs. (28) and (33) . One can thus directly write down the longitudinal polarization of the lepton for the decay of an unpolarized parent hyperon at no extra cost. One has
For the decay Ξ 0 → Σ + +l − +ν l the longitudinal polarization of the electron is ≈ −100% It is important to realize that the longitudinality of the polarization P (l) z is defined w.r.t. the momentum direction of the lepton in the (l, ν l ) c.m. system and not w.r.t. the momentum direction of the lepton in the rest system of the parent baryon Ξ 0 . If one needs to avail of the longitudinal polarization in the latter frame this can also be done using the helicity method as has been shown in [24] .
As before, the transverse polarization of the lepton can also be obtained from Eq.(28) by leaving the helicity lable λ l in (28) unsummed. One then obtains the density matrix of the lepton which we write as (L µν H µν ) λ l λ l ′ . This allows one to extract also the transverse polarization of the lepton P (l)
x . One obtains [37] P (l)
In order to evaluate (47) for the (l − ,ν) case one needs the relation h1 
For the e − the transverse polarization is practically zero over the whole q 2 -range. Because of the lack of structure in the e − -case we do not show a plot of the polarization of the electron.
Decay of a polarized parent baryon
In this subsection we consider the decay of a polarized parent baryon and in turn determine the angular decay distributions of the leptonic side and the hadronic side relative to the polarization of the parent baryon. The polarization of the parent baryon is described by the density matrix
where we have assumed that the polarization vector of the parent baryon lies in the (x, z)-plane with positive x-component as shown in Figs.3 and 4 . The rows and columnns in the matrix (48) are labeled in the order (1/2, −1/2).
Lepton side as polarization analyzer
The angular decay distribution is a straightforward generalization of Eq. (27) where one now has to include the density matrix of the decaying parent baryon B 1 . Also, the rotation of . The appropiate angle entering the phase factor is (π − χ) since the azimuthal angle has to be specified in the leptonic (x l , y l )-plane (see Fig.3 ). Using Appendix A one obtains the master formula
where λ ν = ±1/2 (λ ν = 1/2 for (l − ,ν l ) and λ ν = −1/2 for (l + , ν l )).
Doing the helicity sums and putting in the correct normalization one obtains Figure 3 : Definition of the polar angles θ and θ P , and the azimuthal angle χ describing the decay of a polarized Ξ 0 using the lepton side as polarization analyzer. P denotes the polarization vector of the Ξ 0 . The coordinate system (x l , y l , z l ) is obtained from the coordinate system (x, y, z) by a 180
• rotation around the y-axis.
A similar result was published in [30] . However, the signs of the azimuthal correlation terms in [30] do not agree with the corresponding signs in Eq.(50).
Hadron side as polarization analyzer
Following the familiar procedure of building up the cascade decay in a quasi-factorized form one obtains the master formula 
The asymmetry parameter for the nonleptonic decay Σ + → p + π 0 relevant to this paper is given by α B = −0.98 +0.017 −0.015 [43] . Note that the phase factor in Eq.(51) now is exp[i(λ 2 − λ ′ 2 )φ B ] which is appropiate for the azimuthal angle φ B measured relative to the (x, z)-plane (see Fig.4 ).
Doing the helicity sum and the integration in Eq. (51) , and putting in the correct normalization one obtains Figure 5 : Definition of the polar angles θ and θ B , and the azimuthal angle χ in the joint angular decay distribution of an unpolarized Ξ 0 in the cascade decay
The coordinate system (x l , y l , z l ) is obtained from the coordinate system (x, y, z) by a 180
where B(B 2 → B 3 + π) is the branching fraction of the nonleptonic decay B 2 → B 3 + π.
Joint angular decay distribution
Following the familiar procedure the joint angular decay distribution for the semileptonic cascade decay B 1 → B 2 (→ B 3 + π) + l + ν l of an unpolarized parent baryon B 1 can be derived from the master formula
The δ-function in Eq. (54) expresses the fact that we are dealing with the decay of an unpolarized parent hyperon which implies
When writing down the corresponding normalized decay distribution we shall as before assume that the helicity amplitudes are relatively real. One obtains 3 Much to the embarrasment of one of the present authors (JGK) there was a sign mistake in the azimuthal correlation term of the corresponding joint angular decay distribution written down in [25] for the semileptonic decay Λ c → Λ(→ p + π − ) + l + + ν l (m l = 0). The source of this error was that in [25] we used the phase factor exp
to determine the sign of the azimuthal correlation term. This error was discovered and rectified through experimental evidence [47] .
We have performed several checks on the correctness of the signs of the azimuthal correlation terms by using the semi-covariant representation Eq.(25) and even doing a full-fledged covariant calculation 4 . The overall sign of the nonflip azimuthal correlation terms (fifth and sixth line in (55)) corrects the sign mistake in [25] . Note the reciprocity of the angular decay distributions Eq. (50) and Eq.(55). One obtains (55) from (50) by the substitutions (1 + sign{λ 2 − λ W }P cos θ P → (1 + sign{λ 2 }α B cos θ B ) for the polar correlation terms and
Eq.(55) can be cast into a form where the dependence on the polarization vector of the daughter baryon becomes explicit. One has
where L µν H µν , P x and P z are given in Eqs. (27, 44) and (43), respectively. When integrating Eq.(56) over cos θ, cos θ B and q 2 one can define a mean azimuthal correlation parameter γ through the relation Γ ∼ 1 + γ cos χ. Using again the minimal model of Sec. 2 one finds the numerical values γ = −0.14 and γ = −0.12 in the e-and µ-modes, resp., for the mean azimuthal correlation parameter.
At zero recoil on finds a rather simple expression for the above azimuthal correlation parameter. It reads
Eq. (57) shows that, in the e-mode and at zero recoil, the azimuthal correlation parameter is a constant independent of the form factors as stated before in [25] .
In the µ-mode, however, the azimuthal correlation parameter at zero recoil does depend on the form factors through the ratio H
A 1 ) this would afford the opportunity to determine the ratio F 1 V /F A 1 through a zero recoil measurement of the azimuthal correlation parameter in the µ-mode.
Monte Carlo event generation and sample plots
In this section we present a few sample distributions generated from our event generator in order to demonstrate the viability of our generator. As dynamical input for the form factors we used the minimal model described at the end of Sec.2, or slight deviations from it. Of course, any other dynamical model can be used as input in the event generator. For the angular decay distribution we used the full five-fold decay distribution from Appendix D describing the full decay chain
Masses and the decay asymmetry parameter are taken from [43] . The implementation was done as follows.
We first generated the 3-body phase space of the primary decay Ξ 0 → Σ + + W − off−shell using the widely used function genbod from the CERNLIB [57] library. Without loss of generality, the axis of the initial state polarization of the parent baryon was chosen to point along the lab x-axis. The momenta of the decay products of the secondary decays Σ + → p + π 0 and W − off−shell → l − +ν l were generated with uniformly distributed directions. Since the secondary decays are two-body decays, the moduli of the respective momenta are fixed.
The resulting momentum vectors were used to obtain the angles and momenta needed to calculate the value of the matrix element. This result was multiplied by the phase space factor of the primary decay returned by the genbod routine. Applying an acceptancerejection method, the whole procedure was repeated until a generated event was no longer discarded.
In Fig.6 we show a plot of the dependence of the rate on the angle between the electron and the neutrino in the Ξ 0 rest frame. In order to exhibit the sensitivity of this distribution to the form factor ratio F slightly varied form factor ratios. We mention that the distribution Fig.6 and the following distributions are normalized to unity.
In Fig.7 we show the electron energy spectrum and its dependence on the form factor ratio F 
Summary and conclusions
We have worked out the angular decay distributions that govern the semileptonic cascade
cascade-type analysis has certain advantages, the main advantage being that one obtains the decay distributions in a compact quasi-factorized form. This leads to rather compact forms for the decay distributions. In our analysis we have included lepton mass effects as well as polarization effects of the decaying parent hyperon. We have always indicated the necessary sign changes when going from the (l − ,ν l ) case to the (l + , ν l ) case. Our angular decay formulae are thus applicable also to the semileptonic hyperon decay Σ + → Λ+e + +ν e , or to semileptonic charm baryon decays induced by the transition c → s + l + + ν l and also to the decays t → b + l + + ν l . It should be clear that our angular decay formula are also applicable to the corresponding nonleptonic baryon decays involving vector mesons (λ W = ±, 0) or pseudoscalar mesons (λ W = t). In this case one has to omit the interference contributions between the time-component and the space-components of the currents.
Of interest are also the corresponding semileptonic antihyperon decays. The angular decay distributions of semileptonic antihyperon decays can be obtained from the corresponding angular decay distributions of the semileptonic hyperon decays by the replacements Doing the helicity sums in the master formulas listed in this paper by hand can become quite cumbersome. However, this task can be automated and can be left to the computer.
The relevant MATHEMATICA codes can be obtained from A.K.. We mention also that the helicity frame analysis used in this paper can be easily transcribed to a transversity frame analysis (see e.g. [21] ) where the z-axis is perpendicular to the hadron plane . In fact, any choice of z-axis in the analysis will provide the same total amount of information on the dynamics of the process enscribed in the invariant amplitudes. It is then a question of experimental exigiency of whether to analyze angular decay distributions in the helicity frame or the transversity frame, or, for that matter, in any other frame.
For the sake of conciseness we have written our results in terms of bilinear products of the helicity amplitudes can be quite illuminating if one wishes to identify the overall parity nature of the observables that multiply the angular terms in the angular decay distributions.
We have written a Monte Carlo event generator which is based on the angular decay distributions derived in this paper. The MC program can be obtained from U.M.. We have presented a few decay distributions and correllations based on this event generator.
We have, however, not systematically investigated which observables would be optimal to obtain the maximal possible information on the underlying dynamics encapsuled in the invariant form factors or the helicity amplitudes. For the invariant form factors this was done in e.g. [4] . We did not provide an in-depth analysis of the dynamics of semileptonic hyperon decays as is necessary if one wants to extract a value of the CKM matrix element V us from semileptonic hyperon decay data. This issue was discussed in [48, 49, 50, 51] . We emphasize that we have not included CP -violating effects or radiative corrections in our analysis. The latter can be included using the results of [4] . It will be interesting to find out how the radiative corrections will affect the angular decay distributions. The inclusion of radiative corrections will be left for a future investigation.
A Two-body decay of a polarized particle in the helicity formalism
In deriving the two-body decay of a polarized spin J particle in the helicity formalism we shall closely follow the approach of [52, 53] . Consider the two particle decay a → b + c of a spin J a particle where the polarization of particle a in the frame (x 0 , y 0 , z 0 ) is given by ρ 0 λaλ ′ a . Consider a second frame (x, y, z) obtained from (x 0 , y 0 , z 0 ) by the rotation R(θ, φ, 0) and whose z-axis is defined by particle b. The polarization density matrix ρ in the frame (x, y, z) is obtained by a "rotation" of the density matrix ρ 0 from the frame (x 0 , y 0 , z 0 )
to the frame (x, y, z). The rate for a → b + c is then given by the the sum of the decay probabilities |H λ b λc | 2 (with λ a = λ b − λ c ) weighted by the diagonal terms of the density matrix ρ of particle a in the frame (x, y, z). Thus we find
All the master formulas written down in this paper can be obtained by a repeated application of the basic two-body formula Eq.(A1). We use the convention of Rose [54] . One has J = 
The rows and columns are labeled in the order (1/2, −1/2) and (1, 0, −1), respectively.
C T -odd contributions
In the main text we have assumed that the invariant form factors and thereby the helicity amplitudes are relatively real. If one allows for relative phases between the helicity amplitudes one will obtain so-called T -odd contributions in the angular decay distributions.
They appear in the azimuthal correlation terms as can be seen by the following example taken from the joint angular decay distribution in Sec.6. One of the azimuthal correlation terms derives from the helicity configurations (λ 2 = −1/2, λ W = 0; λ Under time reversal (t → −t) one has (p → −p). Since the T -odd momenta invariants in (C3) involve an odd number of momenta they change sign under time reversal. This has led to the notion of the so-called T -odd obsevables. Observables that multiply T -odd momenta invariants are called T -odd obsevables. They can be contributed to by true CP -violating effects or by final state interaction effects unless either or both change all helicity amplitudes by a common phase. One may distinguish between the two sources of T -odd effects by comparing with the corresponding antihyperon decays since phases from CP -violating effects change sign whereas phases from final state interaction effects do not change sign when going from hyperon to antihyperon decays.
From the above example it should be clear how to obtain the T -odd contributions from the master formulas for the other cases. In practise what one has to do is to add terms where the real part of the bilinear forms of helicity amplitudes is replaced by the corresponding imaginary part and the cosine of the azimuthal angle is replaced by the sine with a possible sign change.
D Full five-fold angular decay distribution
In this Appendix we write down the full five-fold angular decay distribution for the semileptonic cascade decay of a polarized hyperon. There are now altogether three polar angles θ, θ B and θ P , where θ P describes the polar orientation of the polarization vector of the parent hyperon as shown in Fig.6 (which is directly taken from [15] ). Since there are now two planes in the cascade decay, there is one more azimuthal angle which we choose as φ l as shown in Fig.7 . It is important to note that Fig.7 shows a special configuration where the momentum of the proton lies in the first quadrant and the momentum of the lepton lies in the second quadrant. It is clear that, for this special configuration, the three azimuthal angles φ l , φ B and χ add up to π (φ l + φ B + χ = π). For other configurations it may happen that the three angles add up to π + mod(2π) if the rotation sense of the angles in Fig.7 is The coefficients b
